Background: Swallowing problems following stroke may result in increased risk of aspiration pneumonia, malnutrition, and dehydration. Objective/hypothesis: Our hypothesis was that three neurostimulation techniques would produce beneficial effects on chronic dysphagia following stroke through a common brain mechanism that would predict behavioral response. Methods: In 18 dysphagic stroke patients (mean age: 66 AE 3 years, 3 female, time-post-stroke: 63 AE 15 weeks [AESD]), pharyngeal electromyographic responses were recorded after single-pulse transcranial magnetic stimulation (TMS) over the pharyngeal motor cortex, to measure corticobulbar excitability before, immediately, and 30 min, after real and sham applications of neurostimulation. Patients were randomized to a single session of either: pharyngeal electrical stimulation (PES), paired associative stimulation (PAS) or repetitive TMS (rTMS). Penetration-aspiration scores and bolus transfer timings were assessed before and after both real and sham interventions using videofluoroscopy. Results: Corticobulbar excitability of pharyngeal motor cortex was beneficially modulated by PES, PAS and to a lesser extent by rTMS, with functionally relevant changes in the unaffected hemisphere. Following combining the results of real neurostimulation, an overall increase in corticobulbar excitability in the unaffected hemisphere (P ¼ .005, F 1,17 ¼ 10.6, ANOVA) with an associated 15% reduction in aspiration (P ¼ .005, z ¼ À2.79) was observed compared to sham. Conclusions: In this mechanistic study, an increase in corticobulbar excitability the unaffected projection was correlated with the improvement in swallowing safety (P ¼ .001, rho ¼ À.732), but modality-specific differences were observed. Paradigms providing peripheral input favored change in neurophysiological and behavioral outcome measures in chronic dysphagia patients. Further larger cohort studies of neurostimulation in chronic dysphagic stroke are imperative.
Introduction
The presence of oropharyngeal dysphagia is recognized as a major risk factor for pneumonia following stroke and is associated with increased mortality at 30 days and 1 year post-ictus [1] . Dysphagia prolongs hospital length-of-stay [2] , and slows recovery; in part secondary to the complications of malnutrition and dehydration. Although many patients recover from dysphagia following
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Disclosures: Nothing to disclose. The study was sponsored by the University of Manchester, UK, which did not have a role in the study design or in the collection, analysis, or interpretation of data.stroke [3, 4] , a proportion remain chronically dysphagic, dependent on modified diet and/or enteral feeding. In addition to impaired quality-of-life, patients with long-term dysphagia remain at risk of malnutrition, dehydration and aspiration pneumonia. Moreover, while speech and language therapists have employed a variety of labor intensive compensatory maneuvers to treat chronic dysphagia, there is very little evidence of their effectiveness [5] .
Recent evidence has given insight into the cortical and subcortical brain areas, activated during the highly coordinated sensorimotor activity of swallowing [6] . In dysphagia literature, transcranial magnetic stimulation (TMS) studies have shown that the pharyngeal motor cortex (MI) reorganizes following acute unilateral stroke, and that an increase in cortical excitability in the unaffected hemisphere is associated with the recovery of swallowing function [7] . Consequently, the development of novel rehabilitative approaches to drive beneficial changes in cortical and subcortical activity, hence promoting improved swallowing function, remains a major imperative [8] .
Recently, peripheral stimulation of the pharynx (pharyngeal electrical stimulation (PES) [9e11], and cortical stimulation by repetitive TMS (rTMS) [12e17], or transcranial direct current stimulation (tDCS) [18e20], or the combination of both peripheral and central stimulation (paired associative stimulation, PAS) [21, 22] , have been used in acute and chronic dysphagic stroke research studies in an attempt to both modulate cortical activity and induce or promote functional improvements in swallowing. Several study protocols have been proposed from different laboratories with varying parameters, intensity frequency and targeted specific muscle groups (i.e. mylohyoid [15] , upper esophageal area [13, 17] ).
The aim of our study was to compare the effects of a single application of one of three neurostimulation techniques (PES, PAS, rTMS) on swallowing safety and neurophysiological mechanisms in chronic dysphagic stroke. The study was designed to answer the following questions:
i. What are the neurophysiological and behavioral effects of each neurostimulation treatment? ii. Are the mechanisms of the different neurostimulation modalities comparable? iii. Are the changes in activation of corticobulbar pathways predictive of the changes in swallowing behavior?
Our hypothesis was that all three interventions would produce beneficial effects on swallowing through a common brain mechanism that would predict behavioral response. 
Materials and methods

Recruitment
Participants
Eligible patients were recruited from direct and indirect referrals over 4 years (September 2006eAugust 2010). They had a clinical diagnosis of stroke with dysphagia confirmed by a speech and language therapist, which persisted for more than 6 weeks postictus. Patients with a history of dementia, cognitive impairment or neurological deficits prior to stroke, pacemaker/cardiac defibrillator in situ, severe concomitant medical conditions (i.e. progressive neurological disorders, chronic respiratory conditions or heart failure), structural oropharyngeal pathology, history of epilepsy, previous head and neck surgery, pregnancy, any intracranial metal or combination of medications acting on CNS were excluded.
Experimental procedures
TMS
Focal TMS was performed using a figure-of-8 shaped magnetic coil (outer diameter, 70 mm) connected to a Magstim BiStim 2 magnetic stimulator (Magstim Co, Wales, UK), with maximal output of 2.2 T (see the Supplementary material for full details).
Pharyngeal EMG measurements
Pharyngeal electromyographic responses after single TMS pulses, termed as pharyngeal motor evoked potentials (PMEPs), were recorded via a 3.2 mm diameter intraluminal catheter (Gaeltec Ltd, Isle of Skye), with a built-in pair of bipolar platinum ring electrodes.
Videofluoroscopy (VFS)
The research videofluoroscopic assessment [11, 12, 21] was carried out at the Radiology Department, Salford Royal NHS Trust, UK. The examination was conducted with 6 swallows of 5 ml boluses of liquid barium (60% w/v, EZ-HD Ò , E-Z-EM Limited, UK) and the images were acquired in lateral view (Siemens Fluorospot Ò H SIRESKOP SX Unit, Germany).
Experimental interventions PES
An intraluminal catheter was used for PES, connected to a constant current generator (DS7, Welwyn-Garden City, UK) and a trigger generator (Neurolog system, Digitimer) allowing titration of stimulation intensity against individuals' perception and tolerance thresholds. PES intensity was then set at 75% of the difference between perception and tolerance threshold and delivered at a frequency of 5 Hz for 10 min [9e11].
Repetitive TMS
Trains of stimuli were delivered to pharyngeal motor cortex (MI) with the TMS coil (Magstim, Wales, UK). The optimal parameters for repetitive TMS were frequency of 5 Hz, intensity 90% of resting thenar Motor Threshold (MT) in train of 250 pulses, in 5 blocks of 50 with 10 s between-blocks pause [12] .
PAS
Paired associative stimulation was delivered by pairing a pharyngeal electrical stimulus (0.2 ms pulse) with a single TMS pulse over the pharyngeal MI at MT intensity plus 20% of the stimulator output. The 2 pulses were delivered repeatedly every 20 s through Signal software (Cambridge Electronic Design, Cambridge, UK), with an inter-stimulus interval of 100 ms for 10 min [21, 22] .
Sham stimulation
For sham PES, the intraluminal catheter was in situ, but no stimulation was delivered, as used in previous studies [9e11]. Sham rTMS stimulation was given using a 90 coil tilt, which produced the same noise as active stimulation but no cortical stimulation [23] . This approach was applied reliably in the past, where it was shown that cortical excitability in the pharyngeal motor system was not affected [12, 24] . For sham PAS, the coil was held tangentially to the skull at a 90 angle to the sagittal plane, and no PES was delivered through the pharyngeal catheter in situ [21, 22] .
Experimental protocol
Patients were asked to attend the laboratory on two separate occasions. On both occasions, VFS was performed initially to obtain baseline measurements. Following VFS, the catheter was inserted either transnasally (14e17 cm from the nasal flare to pair electrodes) or transorally (13e16 cm) according to patient's preference. This allowed the placement of the electrodes in the mid-pharyngeal area, a position verified by a VFS-still images following insertion (see Supplementary material).
Following identifying the cranial vertex on the scalp [25] , the brain sites evoking the largest pharyngeal responses in each hemisphere were identified with mapping procedures using single TMS pulses over MI. Baseline TMS measurements were obtained at MT þ 20% from both hemispheric sites.
All participants then received both real and sham applications of one of the three neurostimulation treatments in random order on different days. Randomization was also performed for the neurostimulation paradigms (PES, PAS or rTMS). Cortical excitability (TMS) measurements were repeated immediately and 30 min postintervention. A follow-up VFS was performed after the 30-minutes TMS measurements on both visits (see also Supplementary material).
Randomization and blindness
A randomization software (minim.exe, Department of Bioengineering, Salford Royal NHS Trust) was used for the process of minimization to evenly distribute patients of different age (above or below 80) and stroke severity (scoring <12 or !12 on the National Institute of Health stroke Severity Scale (NIHSS) [26, 27] ). One independent researcher delivered the real or sham stimulation, while those researchers analyzing the data remained blinded to the procedure.
Data analysis
Neurophysiological measurements
The peak-to-peak PMEPs amplitude was used as a measure of cortical excitability. Changes in excitability over-time were compared, using generalized linear model repeated measures ANOVA (RmANOVA, SPSSv.19.0), following verification of the assumption of sphericity was not violated (Mauchly's test). Nonparametric paired-wise comparisons were performed with Friedman test [28] . P value of <.05 indicated statistical significance (see Supplementary material).
VFS analysis
Frame-by-frame analysis of the videos took place off-line (see Supplementary material). The safety of all swallows was assessed and scored using the 8-point penetration-aspiration (PA) scale, describing the severity of airway compromise [29] . Abnormal laryngeal protection was verified, if a swallow was scored !3 on one or more occasions.
All pairwise comparisons, non-parametric correlations (Spearman's) and Wilcoxon's tests results were corrected with Holms' step-down technique. All data are presented as group mean AE SEM, unless stated otherwise.
Results
Recruitment
From the initial 83 patients enrolled in the study, 4 declined to participate, and only 20 met the inclusion criteria for study participation. One patient had a safe swallow upon initial (baseline) assessment and was therefore excluded, while one additional participant was unable to complete both study days and their data were not used in the analysis. Therefore, 18 patients were left with complete data (see below) (see also Supplementary material).
Patients demographics
Clinical symptoms and demographic data are shown in Table 1 . The mean age of the participants was 66 AE 3 (AESD) years and 3 were female. Mean stroke severity as measured with NIHSS score was 7.6 AE 1, while 8 patients had a history of multiple strokes. Seven patients suffered right-sided symptoms, while three exhibited bilateral symptoms. Their symptoms side was recorded as "undetermined." Fifteen subjects had PEG in situ, four of whom also received modified diet.
Patient safety
No adverse events were reported, although two patients reported coughing in response to the catheter placement alone, which subsided within 2 min. 
Neurophysiological changes
Mean pharyngeal MT from the affected and unaffected hemispheres were 75 AE 4% and 73 AE 4% respectively. For the subjects with 'undetermined' symptom side, the hemispheric site requiring higher intensity to elicit PMEPs was termed as 'affected.' No significant differences were observed for baseline cortical excitability in all patients across the two study days (real and
Modality specific neurophysiological effects following 3 different neurostimulation treatments
The percentage change in cortical excitability of dysphagic stroke patients recruited in each treatment arm is presented in Fig. 1A . Normality assumptions were violated within each group and non-parametric tests were therefore applied. Three separate non-parametric Friedman tests were performed within each arm. The distributions within each arm were found to differ, indicating that at least one set of responses from the unaffected or affected hemisphere was driving the effect (PES: P ¼ .009, Chi-square: 22.2; PAS: P ¼ .04, Chi-square: 18.8, rTMS: P ¼ .01, Chi-square:15.07).
Each treatment's effects were therefore examined individually with pairwise comparisons (Wilcoxon's) between real and sham arms.
With PES, we observed significant excitability increase immediately post-treatment in the unaffected hemisphere (real vs. sham 
Overall effects of neurostimulation on swallowing neurophysiology
To assess evidence for a common mechanism on swallowing neurophysiology to neurostimulation, the overall effects of the three modalities on cortical function were examined.
After combining the responses following all real interventions an increase in cortical excitability in the unaffected hemisphere was observed both immediately and 30 min post-treatment ( Fig. 2A) . A three-way rmANOVA, with factors hemisphere, intervention and time, showed significant interactions between all factors (P ¼ .005, F 1,17 ¼ 10.6), a significant interaction of interventionÂtime (P ¼ .03, Further two-way rmANOVAs on the combined data for each hemisphere examining the effects of real and sham intervention over time showed a significant interaction (P ¼ .005, F 1,17 ¼ 10.6) and an effect of intervention (P < .001, F 1,17 ¼ 19.9) and time (P ¼ .041, F 1,17 ¼ 4.96) for the unaffected hemisphere only. The increase in cortical excitability was seen at both the immediate and 30 min following real treatments (effect size
respectively).
Modality specific behavioral effects following 3 different neurostimulation treatments
The cumulative PA scores for each subject in each neurostimulation group at baseline and following interventions are shown in Fig. 1B . The cPA scores' distributions across real and sham arms following the different neurostimulation paradigms were significantly different (P ¼ .018, Chi-square: 12.8; Friedman's test). When examining the individual treatments, there was a significant difference between the real and sham cPA scores after PAS (P ¼ .007, d ¼ À.27, r ¼ À.13) and PES (P ¼ .033, d ¼ À.29, r ¼ À.10), but not rTMS.
Overall effects of neurostimulation on swallowing behavior
After combining the groups into real and sham conditions, a reduction in percentage change in cPA scores of À15.5 AE 3.5% was observed, while there was an increase in cPA scores in sham arms by 10.6 AE 6.8. This difference between the two groups was statistically significant (z ¼ À2.794, P ¼ .005, Wilcoxon's, Fig. 2B ).
Increased variability was noted in the bolus transport timing results (Table 2 ), in keeping with literature [30] . Only pharyngeal response time (PRT), reflecting the delay of the laryngeal elevation from the time the bolus reaches the hypopharynx, showed a proportionally significant difference following real neurostimulation treatments compared to the sham arms (z ¼ À2. 
Relationship between corticobulbar pathways excitability and changes in swallowing behavior
We calculated the proportional change of PA scores and the PMEPs following real and sham stimulation (PES and PAS only) for both time-points (immediately and 30 min) using the ratio ([postepre]/pre). A strong inverse correlation was observed between the change in cumulative PA scores and the change in cortical excitability of the unaffected hemisphere following real stimulation (Spearman's rho: P ¼ .001, r ¼ À.732), using previously validated methodology [10] . By contrast, there was a weaker positive correlation between the level of cortical excitability of the affected pharyngeal projection and the change in cumulative swallowing scores (P ¼ .041, rho ¼ .449, Fig. 3 ).
Discussion
We investigated the effects of 3 neurorehabilitation techniques with distinct properties, namely PES, PAS and rTMS, in a controlled manner by randomizing dysphagic chronic stroke patients to receive both real and sham interventions. Our study showed that a single application of either PES or PAS increases cortical excitability and is associated with reductions in aspiration, while 5 Hz rTMS was less effective. Given the individual characteristics of each intervention, our results merit further discussion.
Neurophysiological and behavioral changes in chronic stroke patients following the different neurostimulation paradigms
Bilateral increases in cortical excitability were evident after the application of 2 of the 3 real neurostimulation paradigms. The greatest increase was observed in the unaffected hemisphere, while an overall reduction in penetration-aspiration scores was found when real stimulation was compared to sham, particularly for both real PAS and PES, accompanied by changes in swallowing transfer timings (pharyngeal response time (PRT)).
Interestingly, the two neurostimulation paradigms, PES and PAS, which mainly employ peripheral stimulation, showed associated increases in cortical excitability of the affected hemisphere, and curiously this took place at different time-points (immediately following PAS and 30 min following PES). Although difficult to explain without neuroimaging studies, we could speculate that these two neurostimulation techniques promote or enhance cortical inter-hemispheric connectivity via different mechanisms in timing or cortical fiber recruitment.
Repetitive TMS did not achieve significant increases in brain excitability when applied to the unaffected pharyngeal projection compared to sham. Intriguingly, while there was a visible increase in brain excitation following real rTMS, there was also an increase with sham rTMS; suggesting some biological effects of sham stimulation on cortical function. Previous studies have advocated the sham rTMS method of coil tilt [23] . but there is evidence suggesting that subclinical stimulation is possible and indeed measurable [31, 32] . Nonetheless, the lack of difference between real and sham rTMS in brain excitation may also explain the lack of behavioral effect. Alternatively, it might be speculated that as PES and PAS produced bilateral cortical effects due to the peripheral component of the two neurostimulation techniques, while the effects of a single application of rTMS may not have been adequate to produce bilateral increases and improve functional outcome. In the literature, the beneficial effects of 5 Hz rTMS on swallowing motor cortex were observed following a repeated application of the technique over a period of weeks suggesting that more persistent doses of rTMS are required for beneficial and long lasting effects on swallowing [16] .
A significant correlation between increases in swallowing safety (reduced cumulative penetration-aspiration scores) and increases in unaffected hemisphere excitability was observed, supporting the contention that functional behavioral changes in swallow are mostly driven by improvements in the undamaged circuitry. Hence, our findings continue to support the notion that in (unilateral) stroke, successful neurorehabilitation treatments should both target and promote compensatory changes in the undamaged/ unaffected cortex. The unexpected finding that cortical excitability of the affected hemisphere increasing in tandem with an increase in cumulative penetration-aspiration scores, might be of importance for future directions of research. It might be speculated that the long-term neuroplastic changes occurring in the affected hemisphere following stroke might be of maladaptive nature, not facilitating the process of functional recovery, or that priming the undamaged pharyngeal motor system in the chronic phase may assist the affected hemisphere to participate in the process of recovery. It might also be contended that unilateral increases in swallowing activity might be more functionally useful in dysphagia recovery, although the bilateral increases in brain swallowing activity with PES and PAS, both of which were associated with improved swallowing, would be against this notion. Future longitudinal neurophysiological studies in dysphagic stroke patients might provide additional information on how the unaffected hemisphere operationalizes physiological processes several months post-ictus or to what extent the activity of the corticobulbar projections from the affected and adjunct to the lesion areas might be employed for the restitution of adaptive function, in conjunction with the unaffected hemispheric projection.
Since there is limited data on the exact physiologic mechanisms that drive recovery in stroke, it is not surprising that studies focusing on neurostimulation technologies have targeted either affected or unaffected hemisphere without clear rationale. Our contention that excitatory stimulation applied to unaffected cortex is likely to produce greatest benefit was also the rationale by Park et al. [16] who recently targeted that hemisphere with 5 Hz rTMS employing a therapeutic regimen of 2 weeks.
By studying chronic stroke patients, the confounding effect of spontaneous recovery of function post-ictus was also reduced. Our results show that neurostimulation affects neuronal activity even after a single application in chronic stroke patients, who usually present a plateau in their ability to change behaviorally. In the literature, the time-window for functional restoration following stroke is not clear. However, several factors may play a role in any restorative process in the chronic stage, such as the timing and exposure to restorative treatments during the acute stage of recovery [33] . In animals, even weeks and months after a plateau following the acute phase, there is potential for change [34] . However, plastic reorganizational changes in chronic dysphagic stroke patients may involve different mechanisms, implicating the need for longitudinal studies to understand the recovery mechanisms.
Notably, we were only able to study a carefully selected but wellcharacterized sample of chronic dysphagic stroke patients, so it is not possible to generalize our results to a wider more heterogenous population of chronic dysphagic patients. Although we used specific inclusion and exclusion criteria, there was still some heterogeneity in the dysphagia severity amongst the patients in each group, which may have contributed to the less favorable results following rTMS. Moreover, a cross-over design was employed, with patients serving as their own control. The wash-out period of treatments used in cross-over designs is of importance, however, results from studies in health [10e12,21] showed that a single application does not promote effects more than 2 h post-intervention. High variability in biomechanics and transport bolus timings was observed, which may be a result of the small sample sizes per treatment arm. Inter-subject differences in swallowing patterns are more overt in stroke, with the majority of chronic dysphagic patients requiring artificial feeding to retain nutritional levels. Compensatory strategies during swallowing are usually employed, a factor, which by itself may produce additional changes in neurophysiology.
To conclude our preliminary results suggest that even a single application of some types of neurostimulation (PES and PAS) when applied to dysphagic chronic stroke patients can lead to changes in corticobulbar excitability and associated behavioral changes, such changes in penetration-aspiration scores. Further studies are required to elucidate the optimum stimulation paradigms with additional classifiers such as the severity of dysphagia, as well as different location and sizes of lesions, which might reduce the increased heterogeneity in the results. Finally, this study demonstrates the feasibility and acceptability of the interventions in patients with chronic dysphagia following stroke and provides information on likely recruitment rates and effect sizes for the design of a future clinical trial.
